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Abstract

Experimental restoration of Halodule wrightii (shoal-
grass) to its former range on Galveston Island, Texas,
began in April 1994. We tested the effects of site,
planting density, water depth, and fertilizer addition
on survival and growth through June 1996. Tempera-
ture, salinity, light transmittance, turbidity, and sedi-
ment properties at two restoration sites, Redfish Cove
and Snake Island Cove, were similar to those in natu-
rally occurring grassbeds in nearby Christmas Bay. Ha-
lodule survival, coverage, and new shoot densities were
atfected by site (significantly higher at Redfish Cove
than at Snake Island Cove, which eventually failed),
by planting density (significantly higher when planted
on 0.25-m or 0.5-m centers rather than on 1.0-m cen-
ters), and by water depth (significantly higher when
planted in relatively shallow water). Propagation
(spreading from transplant units) was significantly
greater from 0.25-m or 0.5-m center plantings but was
not consistently affected by site or water depth. Fertil-
izer enhanced propagation but not survival. After two
years, Redfish Cove produced belowground biomass
similar to that observed in Christmas Bay, but above-
ground biomass remained significantly less. Snake Is-
land Cove plant mortality in September 1995 may have
been presaged by low root-rhizome carbohydrate lev-
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els observed in October 1994, but causes remain un-
known. Further restoration of Halodule to Galveston
Bay is possible at selected sites, but structural equiva-
lency will take longer than two growing seasons to
achieve.

Introduction

S eagrasses, primarily Halodule wrightii (shoalgrass),
disappeared from the margins of West Bay, the
western arm of the Galveston Bay estuary of Texas, be-
tween 1975 and 1982 (Pulich & White 1991; Hammer-
strom et al. 1998). This loss of over 450 ha was attrib-
uted to the direct and indirect effects of waterfront
dredging and wastewater discharges (Pulich & White
1991} or to unidentified point-source pollution (Adair et
al. 1994). Such factors have caused declines in seagrass
acreage along the margins of northern Gulf of Mexico
bays by 30-80% over the past four decades (Duke &
Kruczynski 1992). Seagrasses such as Halodule, Thalassia
testudinum (turtlegrass), Halophila engelmanni (clovergrass),
and Ruppia maritima (wigeongrass; spelling of common
name following Kantrud 1991) still grow in the Christ-
mas Bay state coastal preserve, a semi-isolated embay-
ment southwest of West Bay (Pulich & White 1991;
Adair et al. 1994).

Ihe Galveston Bay Comprehensive Conservation and
Management Plan calls for the restoration of 567 ha
(1400 acres) of submerged aquatic vegetation by the
year 2004 (Galveston Bay National Estuary Program
1995). This habitat serves to stimulate local productiv-
ity, and seagrasses usually support higher densities of
fishery and forage organisms than do nonvegetated
sands or muds (Fonseca 1992: Fonseca et al. 1996b). Sev-
eral recent reports indicated that current environmental
conditions are suitable to attempt seagrass restoration
in West Bay. Water and sediment quality have im-
proved since the 1960s: wastewater discharges and total
suspended solids have been reduced, and pollutant in-
puts such as metals and petroleum byproducts have
been controlled (Ward & Armstrong 1992), although
certain estuarine areas still have the potential for degra-
dation (Carr 1993). In addition, waterfront development
of canal communities on western Galveston Island has
abated, maintenance dredge materials must be dis-
posed in uplands, and preliminary experiments indi-
cated that restoration of formerly vegetated shorelines
with Halodule and Ruppia is possible (Hammerstrom et
al. 1998).

The goal of this project was to determine whether
small-scale restorations in West Bay resulted in viable
Halodule habitat. The objectives were to evaluate the
suitability of the sites in terms of water and sediment
quality to determine the survival, growth, and persis-
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tence of Halodule transplants, and to compare structures
of restored and adjacent natural beds. Measurements of
water temperature, salinity, light transmission, and
sediment concentrations of metabolically required and
contaminant trace metals were made in transplanted
and natural beds and were compared with published
criteria (e.g., minimum light requirements) or, if criteria
did not exist, to conditions typical of natural seagrass
beds elsewhere in Texas. In addition, several criteria
typically used to judge transplant success (survival and
propagation of planted material, coverage, shoot den-
sity, biomass) or suggested as indicators of seagrass
health (chlorophyll and carbohydrate contents, elemen-
tal composition) were monitored and compared to
those in a natural seagrass bed. These characteristics
were used to determine whether the large-scale restora-
tion planned for Galveston Bay could be successtul.

Methods

Suitability of Restoration Sites

Restoration was attempted at two sites on western
Galveston Island (Fig. 1). One bed was planted at Red-
fish Cove (29°06'15.9"N, 95°06'30.9"W), and two beds
(East and West) were planted at Snake Island Cove
(29°09'21.4"N, 95°01'58.5"W). Restored beds were com-
pared with seagrasses along three transects in undis-
turbed grassbeds of nearby Christmas Bay (East transect,
29°02'48.3"N, 95°10'14.8"W; West 1 and West 2 transects,

Snake Island Cove

: 3 N
Redfish Cove

Christmas Bay

Figure 1. Experimental and natural seagrass sites in West Bay,
part of the Galveston Bay estuary.

29°02726.1"N, 95°10°52.6"W). Historical data and prelim-
inary sampling in 1993 indicated that salinity, turbidity,
sediment organic content, and sand-silt-clay propor-
tions of sediments were similar at all three sites (K. P.
Hammerstrom et al. 1998; G. Conley, Texas Natural Re-
sources Conservation Commission, Beaumont, Texas,
personal communication).

Continuously recording temperature, salinity, and
light meters were deployed at the midpoint of the east-
ern edge of the Snake Island East bed and near the mid-
dle of the Christmas Bay West 1 transect immediately
prior to restoration activities and through the first
growing season (20 April-3 November 1994). No
meters were placed at Redfish Cove. Submerged tem-
perature and salinity probes (Datasonde 3, Hydrolab
Corp., Austin, Texas) recorded data at 30-minute inter-
vals except when they were removed for servicing or
following power failures, and means and ranges were
compared with previously published tolerance limits
for Halodule in Texas (Simmons 1957; McMillan &
Moseley 1967; McMahan 1968). Point estimates of tem-
perature, salinity, and turbidity were also recorded
during site visits after restoration to verify data sonde
records and to compare the first and second growing
seasons when data sondes were not available. Tempera-
ture and salinity were measured by thermometer and
temperature-compensated refractometer on arrival and
departure during site visits. Water samples were col-
lected at these times to determine turbidity (nephelo-
metric turbidity units, or NTU; HG Scientific Model
DRT100B turbidimeter).

Photosynthetically active radiation (PAR, 400-700
nm) was measured with paired quantum sensors at-
tached to data loggers (LI-COR, Lincoln, Nebraska) fol-
lowing the methods of Dunton (1994). A flat quantum
sensor (Model LI-1925A) was mounted on top of each
data logger housing 2 m above the sediment surface to
measure incident light. An owl replica was placed atop
a 2-m-tall post adjacent to each housing to prevent in-
terference with the flat sensors by roosting birds. A
spherical quantum sensor (Model LI-1935A) was at-
tached to a submerged stake 10 cm above the sediment
to measure transmitted and reflected light within each
seagrass bed. The submerged sensor was placed 2 m
away from the data logger housing to avoid shadows.
Light sensors were cleaned every 34 days to remove
sediments and biofouling that reduced sensor accuracy.
Photon flux density (PFD, pmols/m?/sec) was inte-
grated over a 1-minute period each hour, multiplied by
60 to estimate hourly totals for each hour per day that
PAR was detected, then summed to estimate daily total
PFD {mols/m™~%/day). Light transmittance (%) to the
bottom was calculated by [100 X PFD{(submerged)]/
PFD(incident). Continuous recordings were made ex-
cept when meter arrays were detached from their
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mounts for servicing or following power failures. Total
underwater PFD and mean transmittance were com-
pared to minimum light requirements for Halodule es-
tablished by Dunton (1994).

Sediment samples for trace metal analysis were taken
from the two restoration sites and from Christmas Bay
in October 1994. Sediments were analyzed for metals
required in seagrass metabolism (Fe, Mn, Zn) and for
toxic contaminants (As, Cd, Cu, Ni, Pb; Pulich 1980).
Four replicate cores (5 cm diameter X 10 cm deep) were
taken at regular intervals diagonally across each site at
Redtish Cove and Snake Island East and along the
Christmas East transect. Cores were sectioned into
depths of 0-5 cm and 6-10 cm. Subsamples of sediment
from the interior of each core section were placed in
separate acid-washed glass jars and sealed with para-
film-lined lids. Sediment analyses followed the meth-
ods of Pulich (1980). Wet sediments were thoroughly
homogenized, and subsamples of approximately 3.0 g
were digested in boiling aqua regia for three hours to
extract metals. Digestates were diluted to a final vol-
ume of 35 ml and centrifuged. Flameless atomic absorp-
tion spectrophotometry was performed on the superna-
tant by means of a graphite furnace to detect arsenic,
cadmium, copper, nickel, and lead, whereas flame
atomic absorption was used to detect iron, manganese,
and zinc. Sediment water content was calculated by
weighing another subsample before and after drying at
100°C for 72 hours. Metal concentrations were com-
pared to values characteristic of apparently healthy Ha-
lodule beds experiencing a gradient of industrial con-
tamination of sediments (Pulich 1980).

Several quality control tests were run simultaneously
with the metal analyses: blank determinations, dupli-
cates of three of the samples, matrix spikes, and blank
spikes recovery. Blanks for all metals were much less
than 0.1% of sample values, except for arsenic and lead,
which showed measurable backgrounds of 3% and
1.25%, respectively. Blank spike recoveries were as fol-
lows: 81-117%, arsenic; 73-94%, cadmium: 84—-106%,
copper; 94-103%, manganese; 72-122%, nickel; 82-94%,
lead; and 74-96%, zinc. Only one sample appeared ab-
errant (36% recovery of lead).

Halodule Restoration

Halodule transplanting units (TPUs) were collected from
donor beds in Matagorda Bay near the towns of Pala-
cios and Port O’Connor, Texas, approximately 15 km
apart and 150 km southwest of West Bay. A total of
3500 TPUs was removed from the Palacios bed and
transported to Redfish Cove during 26-28 April 1994.
Another 7100 TPUs were removed from the Port
O’Connor bed and transported to Snake lIsland Cove

during 3-5 and 10-12 May 1994. TPUs were prepared
by the peat pot method developed by Fonseca (1994). A
/7.9-cm-diameter circular sod plugger was used to extract
Halodule tfrom donor beds. Each plug was then inserted
directly into a 7.5-cm-diameter peat pot. Time-release
tertilizer (Osmocote: 14% N, 14% P, 14% K; 5.25 g *+
0.14 5E, n = 10) was added to all but 1200 TPUs from
Port O’Connor prior to insertion of Halodule plugs.
TPUs were placed in seawater-filled holding tanks and
covered with wet burlap to prevent desiccation during
transport. Once at the transplant site, the sod plugger
was used to create holes into which TPUs were placed,
atter the sides of the peat pots were ripped to allow rhi-
zome propagation (spread from the original TPU).

Individual transplant beds encompassed 62 m X 42 m
and were arrayed perpendicular to the shoreline at the
low-water mark observed after passage of a strong cold
front in December 1993. The perimeter of each bed was
marked by galvanized fence posts every 2 m and was
surrounded by 1.2 m-high black plastic screen with
10 mm X 16 mm mesh during the first week of April
1994, This mesh size was expected to exclude all but the
smallest of the local fishes and decapods, several spe-
cies of which could affect transplant success through
disturbance or herbivory (Fonseca 1994; Hammerstrom
et al. 1998). Access gates were built in two corners. Af-
ter fencing, each bed was swept from the seaward edge
to the landward gate with a 75 m-wide, 10 mm-mesh
seine to force large organisms out, then the gate was
closed. Gates permitted re-entry of transplant and mon-
itoring personnel but not large aquatic organisms. By
September, abrasion from oysters and barnacles on fence
posts had created large holes in the screens, so screens
were removed in October 1994,

Snake Island East and West were constructed 20 m
apart and 9 km northeast of Redfish Cove. Each bed re-
cetved TPUs arranged in three 8 m X 54 m strips (Fig.
2). Within each strip, we delineated areas representing;
combinations of three planting densities (high = 0.25 m
centers; medium = 0.5 m centers; low = 1.0 m centers)
and three relative water depth ranges (shallow, me-
dium, and deep). Walkways were left between sections,
between strips, and along the inside edges of the fence.
Patterns were repeated in each bed for ease of construc-
tion, with two exceptions in the Snake Island West bed:
(1) the strip with 0.25 m centers in shallow water was
switched with that containing 0.25 m centers at mid-
depth to test for possible edge effects on seagrass sur-
vival and growth; and (2) all TPUs in the strip with
0.25 m centers in deep water received no fertilizer to al-
low comparison of seagrass survival and growth with
that of other plugs receiving fertilizer. Within each
strip, TPUs were planted along marked guidelines as
tollows: 40 rows at 9 TPUs per row on 1.0 m centers

(360 TPUs); 24 rows at 17 TPUs per row on 0.5 m cen-
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Figure 2. Transplant contiguration for Halodule wrightii resto-
ration sites in West Bay. Transplanting unit (TPU) densities
are represented by shading: black = 0.25 m centers, dark stip-
pling = 0.5 m centers, light stippling = 1.0 m centers, white =
control. Each strip is 8 m wide, 54 m long, and oriented per-
pendicular to the shoreline.

ters (408 1PUs); and 12 rows at 33 TPUs per row on
0.25 m centers (396 TI’Us; Fig. 2). Thus, 3492 TPUs were
placed into each bed and 10,476 TPUs were placed
overall. A fourth 8 m X 54 m strip within each bed was
left bare as a control to monitor natural recruitment
(Fig. 2). Maximum and minimum water depths on the
seaward edges of the beds during spring tides were
100-110 cm and 3040 cm. Water depths of 0-10 cm
were observed after passage of winter cold fronts. On
any given sampling date, actual water depth difter-
ences were 15-20 ¢cm between shallow and deep edges
at Redfish and Snake Island Coves. Similar variations in
water depth were noted along transects in the natural
seagrass bed in Christmas Bay.

Monitoring Transplant Success

Fonseca (1994) suggested several criteria for judging
transplant success relative to that of natural beds, of
which we compared: (1) survival and propagation
(spread trom the transplanted material) of TI’Us at each
restoration site, (2) seagrass coverage, (3) densities of
new shoots adjacent to randomly selected TPUs, and. (4)
annual assessment of aboveground and belowground
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biomass. We also examined the aboveground to below-
ground biomass ratio (root-to-shoot ratio or RSR) be-
cause it serves as an indicator of seagrass carbon stor-
age capacity that is susceptible to stress (Lee & Dunton
1997). We added a one-time comparison of leaf chloro-
phyll, root-rthizome carbohydrate-carbon, and leat and
root-thizome total carbon, hydrogen, and nitrogen
(CHN) contents as measures of seagrass health because
they adapt in response to local stresses such as reduced
light regimes (Pulich 1989; Lee & Dunton 1997). Trans-
planted and natural grassbeds were examined monthly
during June—October 1994 and in April, June, and Sep-
tember 1995, A limited assessment of biomass was con-
ducted in June 1996, as was an estimate of the total areal
extent of transplant beds both from this study and from
experimental plantings in August 1993 (Hammerstrom
et al. 1998). |

Halodule survival and propagation were determined
by snorkeling over randomly chosen rows of TPPUs at
each site. Rows were located by counting TI’Us along
the edges of each section and then following each row
across that section. Rows were 8 m long and contained
9, 17, or 33 TPUs, depending on planting density. TPUs
were scored as live (presence of green leaves) or dead
(no leaves apparent), and live TPUs were scored as
propagating (rhizomes extending beyond the original
TPU) or dormant (no rhizomes outside the original
TPU). In June 1994 we examined two separate sets of
350 TPUs from randomly selected rows at each site (ap-
proximately 10% of the TPUs in each density-depth
combination) to determine whether future assessments
of survival and spread would require checking more or
less than 20% of the TPUs. There was no difference in
TPUs alive (95.4% each) and propagating (85.7% versus
86.9%) between the two sets of 350 TPUs. In all subse-
quent months, therefore, we examined a total of 360
TPUs (40 TPUs from each of the nine density-depth
combinations) in randomly selected rows at each resto-
ration site. In addition, we swam transects across con-
trol sections to determine whether these areas remained
nonvegetated.

In June 1996 we surveyed the entire fenced area of
Redfish Cove to estimate the areal coverage of Halodule.
We marked the edges of each patch with poles and
snorkeled across each patch to make sure coverage was
homogeneous. We then measured the lengths and
widths of rectangular patches or diameters of circular
patches and summed these areas to estimate total area
covered.

The sampling design for monitoring Halodule shoot
density and biomass was derived from a series of 25
samples collected with a core 10 cm in diameter taken
to a depth of 5 cm in Christmas Bay during Octobet
1993. The data set was subjected to a power analysis af-
ter log(x + 1) transformation (Sokal & Rohlf 1981),
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which indicated that nine samples (3 Halodule densities X
3 water depths) would permit detection of a 100% dif-
terence in mean shoot density or biomass between any
two beds witha = 0.10 and 1 — B = power = 0.90. This
sample size (n = 9) was used to monitor coverage, new
shoot density, and above- and belowground biomass
after transplanting. Halodule coverage was determined
initially by placing a small quadrat (37.5 cm X 37.5 cm,
divided into 25 squares, each 7.5 cm X 7.5 cm; TPUs
were 7.5 cm in diameter) over nine randomly selected
IT’Us at each restoration site or at nine random points
along each Christmas Bay transect and then counting
the squares with shoots inside. We added a larger quad-
rat in October 1994 after coalescence of TPUs in the
high-density areas, indicating that Halodule had grown
beyond the edges of the small quadrat. The large quad-
rat (1 m X 1 m, divided into 25 squares, each 20 cm X
20 cm) was placed immediately adjacent to a randomly
selected side of the small quadrat. Because the small
quadrat was placed directly over a TPU, densities of
new shoots resulting from propagation were counted in
a randomly selected adjoining square (56.25 cm?).

Aboveground and belowground biomass of trans-
planted and natural grassbeds was compared at the
end of the first two growing seasons (October 1994,
September 1995) and in the middle of the third season
(June 1996). In the first two periods, two 10 cm-diame-
ter, 10 cm-deep cores were pooled from each of the nine
density-depth combinations at Redfish Cove and Snake
Island East (1994 only) and from three randomly se-
lected locations along each of the three transects in
Christmas Bay. In June 1996, a single 10 cm-diameter,
10 em-deep core was taken from each of nine density-
depth combinations at Redfish Cove, from three ran-
domly selected locations along each of the three
transects in Christmas Bay, and from three random sites
at the seaward edge of each Christmas Bay transect.
T'wo cores were taken on the first two sampling dates
due to sparse aboveground biomass at the transplant
sites, whereas by the third sampling date the biomass
was visibly higher. Cores were acceptable only if they
excluded any original TPU material (identifiable by
fragments of peat pots). Shoots were separated from
roots and rhizomes (hereafter termed roots), and leaf
epiphytes were scraped off. Each component was then
dried at 60°C for 24 hours and weighed. Only Halodule
was collected at the restoration sites. Christmas Bay
samples were all Halodule in October 1994 but were
mixtures of Halodule, Halophila, and Ruppia in Septem-
ber 1995 and June 199é¢.

Leaf chlorophyll, root carbohydrate-carbon, and leaf
and root carbon, hydrogen, and nitrogen (CHN) con-
tents of Halodule were compared among Redfish Cove,
Snake Island East, and Christmas Bay in October 1994,
Samples were collected as above for biomass, and
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leaves were scraped to remove epiphytes. Ten to 12
leaves from each core were detached from shoots, then
frozen in plastic bags. Remaining shoots and roots were
separated, dried at 60°C to a constant weight, then
stored in plastic bags. Total leaf chlorophyll (chl) and
ratios of chl a to chl b were measured according to Dun-
ton and Tomasko (1994). Carbohydrate-carbon of a sub- ,
sample of dried roots was measured by the MBTH anal-
ysis method (Lee & Dunton 1997). CHN analyses were
performed on separate subsamples of dried leaves and
roots with a Carlo-Erba Model 1108 Elemental Ana-
lyzer. Comparisons were made among sites, rather than
targeting criteria or standards, because chlorophyll, car-
bohydrates, and CHN vary seasonally as well as when
plants are stressed (Pulich 1989; Lee & Dunton 1997).

Statistical Analyses

Habitat-related floral differences during each sampling
period were examined by analysis of variance (ANOVA).
We tested for differences in percent TPUs alive, percent
I'PUs propagating, percent seagrass coverage, densities
of new shoots that had expanded beyond the original
IPUs, and aboveground and belowground biomass.
One-way ANOVA was used to compare differences in
floral attributes among sites and the effects of fertilizer
addition for each sampling period. Three-way ANOVA
examined the effects of site, planting density, and water
depth on floral components within restored areas only.
Iwo-way ANOVA examined the effects of site and sed-
iment depth on concentrations of sediment trace metals.
All ANOVAs were conducted with balanced cell sizes,
except in comparisons of the effects of fertilizer addi-
tion. Data were transtormed prior to ANOVA as fol-
lows: arcsine for percentages; log(x + 1) for seagrass
shoot counts and biomass; and ¥V (x + 0.5) for sediment
iron (Sokal & Rohlf 1981). Multiple comparison of treat-
ment means employed Ryan’s Q) test for balanced de-
signs or the GT2 test for unbalanced designs (Day &
Quinn 1989). All analyses were conducted with SAS
personal computer software (SAS Institute, Inc. 1985).

Results

Suitability of Restoration Sites

Temperature and salinity appeared similar among sites.
A typical growing season temperature cycle was noted,
with highest temperatures during July-September and
the passage of two cold fronts in October (Fig. 3). Con-
tinuous data sonde readings indicated that mean tem- ,
peratures were within 1°C between Snake Island Cove
and Christmas Bay in 1994 and were highly correlated
(adjusted R? = 0.918, p < 0.001). Temperatures again
were similar among sites during discrete site visits in
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Figure 3. Daily mean water temperature of restored (Snake Is-

land Cove) and natural (Christmas Bay) seagrass beds during
the period 20 April-3 November 1994.

1995 and averaged 21°C in April, 29°C in June, and 28°C
in September. Salinities were usually within 5%, be-
tween sites during 1994 and were highly correlated (ad-
justed R? = 0.719, p < 0.001; Fig. 4). Salinities generally
remained between 20%. and 35%o, except for briet ap-
pearances of fresh water caused by locally heavy rain-
fall that depressed salinities for 5-7 days (Fig. 4). Salini-
ties observed during site visits in 1995 were similar
among sites and averaged 20%. in April, 18%. 1n June,
and 27 %o in September.

~ Incident photon flux densities (PFD) were typically
between 30 and 60 mol/m~4/day at Snake Island Cove
(mean = 36 mol/m~2/day) and between 30 and 75
mol/m~2/day at Christmas Bay (mean = 51 mol/m™2/
day; Figs. 5 and 6). Submerged PFD values were usu-
ally between 10 and 30 mol/m~%/day at both Snake Is-
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Figure 4. Daily mean salinity of restored (Snake Island Cove)
and natural (Christmas Bay) seagrass beds during the period
20 April-3 November 1994.
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Figure 5. Daily total incident and submerged photon flux
densities (mol/m?/day) in Snake Island Cove.

land Cove (mean = 19 mol/m~%/day) and Christmas
Bay (mean = 21 mol/ m~2/day). Total submerged
quanta received over the periods of record were 262/
mol/m~2 over 129 days at Snake Island Cove and 3207
mol/m~2 over 147 days at Christmas Bay. Light trans-
mittance to the bottom typically exceeded 40% in Snake
Island Cove (daily mean = 54% = 3% SE) and was
somewhat higher in the spring than during summer
and fall (Fig. 7). But light transmittance in Christmas
Bay (daily mean = 44% = 3%) exhibited a seasonal de-
cline from about 60% in spring to 30% in fall. Light
transmittance in Redfish Cove was not monitored but
likely was higher than in Snake Island Cove, because
Redfish Cove is about 10 cm shallower. These daily and
total underwater light measurements were similar to
those recorded by Dunton (1994) for a healthy Halodule
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Figure 7. Daily variation in transmittance of incident light (%)
to the bottom in Snake Island Cove and Christmas Bay.

bed in the East Flats area of Corpus Christi Bay, Texas,
where submerged PFD remained consistently above 10
mol/m~2/day for five years. These values also ex-
ceeded the 18% surface irradiance threshold suggested
by Dunton (1994) for light stress of Halodule.

Ditterences in light transmittance among sites were
likely due to higher turbidities in Christmas Bay than in
onake Island Cove or Redfish Cove. Although continu-
ous records of turbidity were not available, periodic
checks during site visits in 1994 revealed that turbidity
was higher in Christmas Bay (26 NTU + 5.8 SE) than in
either Redfish Cove (13 NTU = 1.7) or Snake Island
Cove (10 NTU = 1.8). Turbidity appeared to be lower in
1995 (Christmas Bay, 11 NTU # 2.0; Redfish Cove, 4
NTU = 0.7; Snake Island Cove, 7 NTU = 1.6).

All sediment trace metals except lead exhibited sig-
nificant differences among some means for the three

site-depth combinations (Table 1). Iron, copper, and
nickel were significantly higher in Christmas Bay sur-
face (0-5 cm) samples than in all other site-depth com-
binations. Concentrations of zinc and cadmium were |
higher in Christmas Bay surface samples than in all oth-
ers except Redfish Cove. The only significant differ-
ences in manganese and arsenic were between Christ-
mas Bay surface samples and Snake Island Cove surface
and deep (6~10 cm) samples. There were few significant
differences between Redfish Cove and Snake Island
Cove sediments. Slightly lower concentrations of iron,
manganese, and zinc were noted in Snake Island Cove
deep samples and Redfish Cove shallow and deep sam-
ples than in Christmas Bay. In general, Snake Island
Cove had lower sediment trace metal concentrations
than did Christmas Bay (but not compared to Redfish
Cove). Metal concentrations were up to an order of mag-
nitude lower at the restoration sites and in Christmas
Bay than in other nonvegetated parts of West Bay (Carr
1993) and were similar to concentrations observed in
Corpus Christi Bay Halodule beds (Pulich 1980). Plotting
concentrations of nonferrous sediment metals against
iron levels generally revealed direct relationships. The
three study sites clustered according to distinctive pat-
terns, as observed for manganese and zinc versus iron
(Fig. 8). High correlation coefficients were calculated,
suggesting that sediment geochemical processes involv-
Ing these metals were similar and were typical among
sites.

Halodule Restoration

Halodule survival was significantly related to site, water
depth, and planting density after the first three months
of monitoring (Fig. 9). No significant ANOVA two- or
three-way interactions were noted, except for a three-
way Interaction in September 1995 (due to mortality of

Table 1. Mean sediment trace metal concentrations (ug/g dry sediment) and water content () in surface
(0-5 cm) and subsurface (6-10 cm) layers at natural and restored seagrass sites.*

m

Christmas Bay Redfish Cove

Snake Island Cove

ANOVA Significance Levels Other Sites

O-5cm 6-10cm  0-5cm

6—10cm  0-5cm

6—10 cm Site Depth  § XD WwB CCB

Fe 4033 2267 2253 2530 1421
Mn 37.7 21.1 32.9 32.0 17.3

/n 12.1 7.9 7.6 8.7 4.3
Cu 2.4] 0.98 0.93 1.25 0.79
Ni 6.0 3.7 3.3 3.6 1.8
Pb 4.6 3.1 4.3 4.2 4.4

Cd 0.17 0.09 0.13 0.12 0.09

As 2.1 15 1.5 1.9 1.3
H,O 249 210 190 193 18.3

1363  <0.001 0.125 0.036 17000 3025
11.2 0.002 0.049 0.249 485 38.6
4 .4 <0.001 0.251 0.043 64.8 40.7
0.82 0.001 0.039

<0.001 116 4.0
1.9 <0.001 0.158 0.052 15.2 7.1

4.0 NS NS NS 30.6 —
0.08 0.001 0.003 0.015 0.26 (.43

1.1 0.003 0.315 0.028 4.2 —

159 <0001 0068 0266 — —

R ——

"N = 4 per depth per site. Two-way analysis of variance (ANOVA) df = 2 (site), 1 (depth), and 2 (site X depth interaction). Comparative
data are provided from five nonvegetated sites in West Bay (WB; Carr 1993) and four seagrass beds in the Corpus Christi Bay area (CCB;

Pulich 1980).
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Figure 8. Relationships between iron and zinc or manganese
concentrations (g /g dry weight) in sediments at restoration
sites (Snake Island, Redfish Cove) and in naturally occurring
seagrasses (Christmas Bay). Data are combined over two sedi-
ment depth ranges (0-5 cm and 6-10 cm). n = 4 per depth
range per site.

Snake Island Cove beds). Survival was significantly
higher at Redfish Cove in late 1994 and in 1995 than at
either Snake Island bed (Fig. 9a). Survival at Redfish
Cove was 70% by September 1995, while almost all
transplants at Snake Island Cove had died by then. The
deterioration at Snake Island was a two-stage process
that began at the end of the growing season in 1994,
-when average survival declined from 84% in August to
56% in September and October. Survival stabilized at

¥ High

Halodule Restoration in Galveston Bay

that level through June 1995, but then the decline in-
creased through September 1995, resulting in a com-
plete loss at Snake Island East and only 6% survival at
Snake Island West (Fig. 9a). Qualitative transects across
the length and width of each bed in June 1996 indicated
no aboveground or belowground biomass in Snake Is-
land East and only a small live Halodule patch (<1 m?)
at the shallow edge of Snake Island West.

Halodule survival was also influenced by TPU plant-
ing density and water depth. In September and October
1994 and in April 1995, survival of high-density trans-
plants was significantly greater than that of medium-
and low-density plantings (Fig. 9b). In July and Septem-
ber 1995, survival of both high- and medium-density
plantings significantly exceeded that of low-density
beds. Survival in shallow sections often significantly ex-
ceeded that in middle depths and was always signifi-
cantly greater than in deep sections (Fig. 9¢). No signifi-
cant differences in survival were attributable to the
presence or absence of fertilizer (Fig. 9d). All nonfertil-
1ized transplants were located in Snake Island West and
had died by September 1995.

Propagation of surviving Halodule plugs was signifi-
cantly related to site, water depth, and planting density
only during one or more of the first five months of mon-
itoring (Fig. 10). No ANOVA two- or three-way interac-
tions were significant, except for one three-way interac-
tion in September 1995. Propagation was initially
slower at Snake Island West than at Redfish Cove or
Snake Island East, and significant differences were
noted during August—October 1994 (Fig. 10a). Despite
this, more than 75% of all TPUs showed signs of rhi-

J Medium = Low
Figure 9. Mean seagrass sur-

vival (%) after transplanting
in April-May 1994 as atfected
by site, where RC = Redfish
Cove, SIE = Snake Island
East, and SIW = Snake Island
West (a); density, where

high = 0.25-m centers, me-
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Figure 10. Mean propagation

of surviving plugs (%) after
transplanting in April-May
1994 as affected by site, where
RC = Redfish Cove, SIE =

Snake Island East, and SIW =

snake Island West (a); den-
sity, where high = 0.25-m cen-

|~ ————————————————— ters, medium = 0.5-m centers,

and low = 1.0-m centers (b);
relative depth (c); and use of
fertilizer (d). For a-c, n = 360
per category, exceptn = 700
in June 1994. For d, n = 960
fertilized and 120 nonfertil-
ized, except n = 1867 and 233,
respectively, in June 1994. As-
terisk indicates significant dif-
\ ferences (ANOVA, Ryan’s
% (a=c)or GT2 (d), p < 0.05).

1994 1985 1994

zome propagation outside the peat pots by the end of
the tirst growing season. No differences in propagation
were noted in 1995 except those due to complete mor-
tality at Snake Island East.

The propagation of surviving TPUs was also influ-
enced by planting density and water depth, but only
during 1994. Expansion by high- or medium-density
IPUs or both was significantly greater than by low-
density TPUs in June, July, August and October 1994
(Fig. 10b). Propagation was similar among all water
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depths except in August 1994, when deep sections were
significantly slower than elsewhere (Fig. 10c). Signifi-
cantly higher incidences of expansion were also attrib-
utable to fertilizer additions during the first growing
season (Fig. 10d). No recruitment of Halodule into the
control areas at each site was observed at any time.
Halodule coverage was significantly related to site,
water depth, planting density, and fertilizer addition
during all six months of sampling (Fig. 11). No ANOVA
two-way interactions were significant, but three-way

O Medium = Low

Figure 11. Mean seagrass
coverage (%) atter transplant-
ing in April-May 1994 as af-
fected by site, where RC =
Redfish Cove, SIE = Snake Is-
land East, SIW = Snake Island
West, and CBE = Christmas
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interactions {site X depth X density) were significant in
April, June, and September 1995, related to the mortal-
ity at Snake Island. There were no significant differ-
ences in seagrass coverage among the three Christias
Bay transects. Christmas Bay East was chosen as the in-
dex for comparison with restored beds because sea-
grasses were primarily Halodule (Christmas Bay West 1
and West 2 contained more Halophila and Ruppia, par-
ticularly in 1995). Coverage in restored beds was signif-
icantly lower than that of Christmas Bay East, except in
September 1994 when Redfish Cove coverage equalled
that of the natural bed (Fig. 11a). Coverage was signifi-
cantly higher at Redfish Cove than at either Snake Is-
land bed in all months except June 1994. Seagrass cov-
erage always exhibited the relationship to planting
density of high > medium > low (Fig. 11b), and these
ditferences were significant with exceptions in July
1994 (medium = low) and August 1994 (high = me-
dium). Significant differences in seagrass coverage
were always found in relation to water depth, exhibit-
ing the relationship shallow > middle > deep, except in
September 1995 when shallow > deep > middle (Fig.
11c). In addition, fertilized plots always had significantly
higher coverage than did nontertilized plots (Fig. 11d).
Production of new shoots (i.e., those located outside
the original TPUs) was significantly related to site, plant-
ing density, and water depth (Fig. 12). No ANOVA
two- or three-way interactions were significant. New
shoot densities (number per unit area) at the fransplant
sites were significantly lower than those in natural sea-
grass beds, except in September 1994 when Redfish Cove
densities equalled those at Christmas Bay East (Fig.

B)
10

>

m RC =B SIE ASIW O CBE
(32) @

-t — %]
o n o
e

No. of new shoots

W High

Halodule Restoration in Galveston Bay

12a). New-shoot densities at Redfish Cove were also
significantly higher than those at Snake Island East and
West in September 1994 and in June and September
1995. High-density plantings produced significantly
higher numbers of new shoots than did medium- and
low-density plantings in all but the first and last months
(Fig. 12b). Shallow plantings produced higher new-
shoot densities than did medium and deep plantings,
significantly so in September and October 1994 and
June 1995 (Fig. 12¢). New-shoot densities in fertilized
plots were significantly higher than in unfertilized plots
in all but September 1995 (Fig. 12d).

Aboveground biomass was significantly lower in re-
stored beds than in Christmas Bay during all times ex-
amined (Table 2), but the sparse leaf production at Red-
fish Cove was similar to that found on the seaward
edge of the Christmas Bay bed in June 1996. Below-
ground biomass was significantly lower at Snake Island
East than Christmas Bay in October 1994, and plants at
Snake Island East had completely died out by Septem-
ber 1995, Redfish Cove root and rhizome biomass was
similar to that of Christmas Bay in all years. The root-to-
shoot ratios (RSR) of Christmas Bay and Snake Island
Cove seagrasses were similar in October 1994, but rela-
tively low aboveground biomass led to higher RSRs at
Redfish Cove than at Christmas Bay. The apparent de-
cline in root-rhizome biomass in Christmas Bay be-
tween 1994 and 1995 (Table 2) was likely due to the fact
that we sampled Halodule almost exclusively in October
1994 but encountered mixtures of Halodule, Halophila,
and Ruppia in September 1995 and June 1996. The latter
two genera have lower belowground biomasses than

1 Medium = Low

Figure 12. Mean new shoot
densities (number per 56.25
cm?) after transplanting in
April-May 1994 as affected by
site, where RC = Redfish
Cove, SIE = Snake Island
East, SIW = Snake Island
West, and CBE = Christmas
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Halodule Restoration in Galveston Bay

Table 2. Mean shoot and root-rhizome biomasses (dry g/m?) and root-shoot ratios (RSR) of Christmas Bay
transect (CBT) or seaward edge (CBS) and transplanted Redfish Cove (RFC) or Snake Island East (SIE)

seagrasses.”
e e

ANOVA
Date Element CBT CES REC SIE df F p
10/94 Shoots 18.99 3 — 463 b 514 b 2,24 15.6 < 0.001
Roots 11942 a — 69.59 ab 4158 b 2,24 6.13 0.007
RSR 7.08b — 15.26 a 858 b 2,24 9.41 <2(.001
9/95 Shoots 13.16 a — 1.37 b — 1, ] 45.76 <0.001
Roots 23.86 — 23.27 — 1,1 0.39 0.543
RSR 227 b — 19.35 a — 1,1 70.25 <(.001
6/96 Shoots 27.40 a 1243 b 12.42b — 2,24 5.29 0.012
Roots 37.21 ab 17.18 b 67.66 a — 2,24 4.15 0.028
RSR 1.45b 1.50b 4.60 a — 2,24 14.42 <{}.001

"REC and SIE were planted in April-May 1994. Analysis of variance (ANOVA) conducted on log(x + 1)-transformed data. Means indi-

cated with differing letters are significantly different (n = G, Ryvan's (J test, p < 0.05). Dash = not tested.

Halodule (Pulich 1985; Fonseca 1989). Epiphyte loads
were not quantified, but qualitative observations indi-
cated minimal overgrowth at the restoration sites rela-
tive to that on leaves in Christmas Bay. No attached or
drift macroalgae were observed in any of the seagrass
beds or collected in any biomass samples. Large-scale
bioturbation, such as excavation of pits by rays or crabs,
was not observed.

An estimate of the health of transplanted versus nat-
urally occurring Halodule was obtained in October 1994
by examining and comparing various indicators (Table
3). There were no significant differences in total leaf
chlorophyll or in the ratio of chl a to chl b among sites.
However, Christmas Bay leaf carbon, hydrogen, and ni-
trogen were significantly lower than those at both Red-
fish Cove and Snake Island East, which may be related
either to growth metabolism differences or to inherent
variation between populations in Christmas Bay grass-
beds and Matagorda Bay donor beds. Belowground
components at Snake Island Cove were exhibiting
stress after the first growing season: root carbohydrate-

carbon and total carbon and hydrogen were signifi-
cantly lower at Snake Island East than at either Redfish
Cove or Christmas Bay (Table 3).

We estimated that the total area covered by Halodule
at Redfish Cove, including surviving TPUs, was 1014
m? as of June 1996. Halodule coverage ranged from solid
to patchy, with isolated patches as small as 2.3 m2.
Aboveground production appeared uniformly short
and sparse, as reflected in the biomass samples (Table
2). The shallow edge had coalesced across intervening
walkways and outward beyond the edges of the fence
to form the largest continuous feature (370 m2). We also
located two 1 m? patches west of the main site that have
survived since August 1993 following experimental
plantings (Hammerstrom et al. 1998).

Discussion

The two sites chosen for seagrass restoration experi-
ments represent some of the last shoreline of western
Galveston Island that historically supported seagrasses

Table 3. Total chlorophyll (mg/g dry weight), chlorophylla: chlorophyll b (a:b ratio), carbohydrate carbon
(mg/g dry weight), and carbon, hydrogen and nitrogen contents (% dry weight) of Christmas Bay (CB),

Redtish Cove (RFC), and Snake Island East (SIE) Halodule wrightii in October 1994.*
m

Sites ANOVA
CB RFC SIE F .

Leaves Chlorophyll 12.43 11.99 10.90 2.06 (.150
a:b ratio 2.71 2.79 2.78 0.95 0.400

Carbon 3491 b 37.18 a 36.68 a 32.40 <0.001

Hydrogen 5.10b 559a 548 a 41.55 <(.001

Nitrogen 249b 2.76 a 2.83a 9.31 0.001

Roots/Rhizomes Carbohydrate 15710 a 162.00 a 1298 b 8.25 0.002
Carbon 35.09 a 34.80 a 31.23 b 12.93 <20.001

- Hydrogen 523 a 0.38 a 4.72b 14.04 <0.001

Nitrogen 1.37 ab 1.20b 1.46 a 4.17 0.030

*Analysis of variance (ANOVA) df = 2, 24. Means indicated with differing letters are significantly different (Rvan’s Q test, p < 0.05).
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and that currently remains undisturbed by canal hous-
ing developments (Hammerstrom et al. 1998). The
western tip of Galveston Island remains undeveloped
beyond cattle ranching, although housing communities
are encroaching and a nonfunctioning sewage treat-
ment plant has been built near Redfish Cove in antici-
pation of future needs. On-site monitoring indicated
that environmental conditions in the vicinity of the res-
toration sites resemble those of healthy Halodule beds in
adjoining Christmas Bay and elsewhere in Texas. Tem-
peratures and salinities at Snake Island Cove, Redfish
Cove, and Christmas Bay were well within the toler-
ance ranges of Halodule (4-35°C and 1-60%.; Simmons,
1957; McMillan & Moseley 1967; McMahan 1968). Light
transmittance (54% at Snake Island Cove, 44% at Christ-
mas Bay) was above the critical level of 18% postulated
tor Halodule survival (Dunton 1994). Moreover, turbidi-
ties were higher in the extant seagrass bed at Christmas
Bay than in Snake Island Cove, particularly in the first
growing season. In general, sediment metal concentra-
tions were lower at the restoration sites than in Christ-
mas Bay or non-vegetated sites elsewhere in West Bay
(Carr 1993). Levels of total iron, manganese, zinc, and
other metals measured at our sites appear typical of
other nontoxic bay sediments along the Texas coast
(Irefrey & Presley 1976; Pulich 1980, 1982). Local dif-
ferences in these concentrations may reflect slight dif-
ferences in sediment organic content or grain size, since
adsorption of most metals varies directly with organic
content and inversely with grain size (Trefrey & Presley
1976; Cross & Sunda 1978). Indeed, sediment organic
content in Christmas Bay exceeded that of the three
transplant sites in August 1994 (3.23% versus 1.06—
1.42%, respectively; C. Henderson, Texas A&M Univer-
sity at Galveston, Galveston, Texas, personal communi-
cation).

Results to date indicate that only Redfish Cove will
support viable Halodule beds for more than one grow-
ing season {experimental plots have survived into their
fourth growing season). But Halodule coverage, shoot
densities, and aboveground biomass at Redfish Cove
remained significantly below those of natural seagrass
beds in Christmas Bay two years after transplanting. In
Tampa Bay, persistent cover equivalent to that of natu-
ral Halodule beds was noted 1.8 years after transplant-
ing (Fonseca et al. 19964). Relatively nutrient-poor sedi-
ments may lead to lower shoot biomass (Short 1987;
Van Tussenbroek 1995). Propagation from the initial
TPUs was enhanced by fertilizer additions, at least dur-
ing the first growing season, which is a possible indica-
tor of short-term nutrient depletion. The reduced leaf
length and leaf biomass at Redfish Cove might also
have been caused by herbivores, which have been ob-
served elsewhere to reduce shoot lengths by 50% or
more (Fonseca et al. 1987).

Halodule Restoration in Galveston Bay

The failure of transplants at Snake Island Cove re-
mains unexplained yet intriguing. Episodes of dramati-
cally increased mortality were noted each September
during the two growing seasons monitored, with no
known cause, and the site did not truly fail until the last
date examined. Several possibilities tor why an appar-
ently benign site such as Snake Island Cove would not
support seagrasses remain unexplored. These should be
addressed prior to further restoration attempts. Water
column or sediment contamination by hydrocarbons or
biocides were not tested, nor were water or sediment
nutrient levels. Nutrients or contaminants could be con-
tained in runoff or groundwater discharges from a ca-
nal housing development near Snake Island Cove. West
Bay has relatively good water and sediment quality
(Ward & Armstrong 1992), but there are areas along the
mainland side of West Bay where sediment contamina-
tion by unidentified chemicals stresses benthic commu-
nities (Carr 1993). Sediment nutrient chemistry should
also be examined with reference to possible nutrient
limitation at both Snake Island and Redfish Coves,
since addition of time-release fertilizer stimulated prop-
agation of transplants relative to those not receiving fer-
tilizer. Growth of Halodule in the Corpus Christi Bay
area was shown to be stimulated by organic nutrient
additions (especially organic nitrogen) to sediments but
not by additions of inorganic nutrients (Pulich 1982,
1985, 1989). Similarly, sediment enrichment with inor-
ganic nutrients had no etfect on biomass, density, or
leat production in Thalassia hemprichit when ambient
pore water nutrient concentrations were high (Erfte-

- meijer et al. 1994). Finally, bioturbation (e.g., excavation

by rays or crabs) cannot be ruled out. Small fishes and
decapods common to West Bay do disturb transplants
(Hammerstrom et al. 1998), and Fonseca et al. (1996b)
noted a 47% loss of TPUs in Tampa Bay due to biotur-
bation.

In addition to site, Halodule restoration success was
affected by transplant density. Transplants generally
survived better and propagated faster when planted in
high and medium densities (0.25 m and 0.5 m centers)
rather than in low densities (1.0 m centers). The rela-
tionships between planting density and survival or prop-
agation have not been addressed previously. Trans-
plants of Halodule at 26 sites in the Florida Keys, all on
1.0 m centers, had a mean survival rate of 72.8% after
12-16 months but varied from 0 to 100% among sites
(Lewis 1987). Transplants on 0.5 m and 1.0 m centers in
some of the same areas exhibited 100% survival after
4-8 months (Fonseca et al. 1987). More recently, discus-
sion of planting density has centered only on the obser-
vation that increased planting densities enhance cover-
age rates (Fonseca 1994; Fonseca et al. 1996a). But
planting density should influence local current veloci-
ties and sediment dynamics. In natural seagrass beds,
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coverage is inversely related to current velocity, and
higher current speeds induce greater sediment mobility
(Fonseca et al. 1983). Our low density plantings (1.0 m
centers) possibly experienced higher current velocities
and more sediment movement, increasing the likeli-
hood for abrasion or burial, than did higher density
plantings. The possibility of physical disturbance by
currents at Redfish Cove or other sites should be exam-
ined, particularly since 1.0 m-center plantings would be
a faster, more economical way to fill the large area pro-
posed for restoration (567 ha; Galveston Bay National
Estuary Program 1995} than would 0.25 m or 0.5 m-cen-
ter plantings.

Restoration success was also affected by water depth.
Survival, coverage, and production of new shoots were
greater when the TPUs were planted in the shallow and
middle sections of each bed than when they were
planted in the deep sections. Interestingly, propagation
was similar among all three depths after the first three
months monitored. Even though we had only one set of
meters available to monitor water quality and light at
one restoration site, it was unlikely that gradients in
bottom temperature or salinity were experienced over
the b4 m length and 15-20 cm depth difference between
the shallowest and deepest TPUs at either site. A gradi-
ent in light transmittance would be more critical and
more likely. Our light meters were placed at mid-depth
and indicated that submerged light was more than suf-
ficient to support Halodule growth at that depth or shal-
lower. We do not have a measure of the light transmis-
sion when depths were 7.5-10 cm greater than the
depth of the meter. Dunton (1994) found annual varia-
tion in light transmittance of 9-22% on the outer edge of
a shallow (=<0.6 m depth) Halodule bed on the Blackjack
Peninsula of San Antonio Bay, Texas. Even though root-
shoot ratios were similar to those of other sites in the
Corpus Christi Bay area, total biomass at Blackjack Pen-
insula was an order of magnitude less than elsewhere,
and plants disappeared from waters deeper than 0.6 m.
Thus, a small change in depth can affect the survival
and growth of established seagrass populations when
they are living at or near tolerance limits, and intu-
itively it would seem more critical for transplants
placed in such situations. Our results suggest that an ar-
ray of light meters should be deployed to estimate max-
imum depth limits prior to future restorations at Red-
fish Cove or elsewhere.

Addition of time-release fertilizer to TPUs was found
to enhance propagation and thus coverage and new-
shoot densities, even though survival was not affected.
Response to fertilizer additions elsewhere has been
found to be positive or neutral (Fonseca et al. 1994). We
agree with the recommendation that, for minimal cost
and no reported adverse effects, fertilizer additions
should be an integral part of seagrass restoration.

Assessment of certain physiological indices, particu-
larly root carbohydrate content, may serve as early indi-
cators of transplant stress. Even though root and shoot
biomasses at Snake Island Cove were significantly
lower than those of Christmas Bay at the end of the first
growing season, the root-shoot ratios and chlorophyll
contents were similar. The conclusion based on these
data would have been that the bed was sparse but
healthy. At the same time, however, root carbohydrate
concentrations at Snake Island Cove were significantly
below those of either Christmas Bay or Redfish Cove.
This type of decline also was observed by Genot et al.
(1994) in stressed Posidonia oceanica transplants. Carbo-
hydrate storage over the growing season is critical for
overwintering and the longer-term survival of sea-
grasses, and a depressed carbohydrate content is sug-
gested as an indicator of stress (Lee & Dunton 1997).
Among another indicators, assessment of CHN and
chlorophyll contents may not be as useful. We did see
significant depressions in root carbon and hydrogen at
Snake Island Cove relative to those at Redfish Cove, but
root nitrogen and leat CHN were similar between these
sights. Changes in carbon and hydrogen are not specific
and could be related to changes in carbohydrate con-
tent, structural components such as cellulose, other cel-
lular constituents, or a combination of these. Seasonal
and monthly variations in shoot and root carbon and
nitrogen contents in healthy seagrasses have been noted
by Harrison and Mann (1975), Pulich (1982), and Pérez-
Lloréns and Niell (1993), as have short-term variations
in chlorophyll content (Dunton & Tomasko 1994). Both
leaf nitrogen and RSR normally decrease in Halodule over
the growing season as new plant tissues are produced
(Pulich 1982; Dunton & Tomasko 1994). We would there-
fore recommend comparing root carbohydrate content
in natural beds and in test beds planted at least one grow-
ing season before restoring any given site to its fullest
extent.

There are several recommendations to be made con-
cerning transplanting seagrasses into the Galveston Bay
estuary, particularly because of the ambitious plan to
restore 567 ha (1400 acres) of submerged aquatic vege-
tation (Galveston Bay National Estuary Program 1995).
Given that we do not know much about the physical,
chemical, and biological status of specific restoration
sites, it would benefit resource agencies to conduct var-
ious screening tests (including the planting of small ex-
perimental beds) prior to full-scale restoration at any
given site in West Bay. These tests should help avoid
the catastrophic failure we found in Snake Island Cove.

i

3

Reconnaissance of potential chemical contaminants such |

as biocides or hydrocarbons in sediments and water
along the remaining undeveloped shoreline needs to be
conducted, as do assessments of sediment nutrient chem-
istry with reference to possible nutrient limitation. Cur-
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rent velocities should be examined during times of maxi-
mum tidal ranges, particularly if widely spaced plantings
(e.g., 1.0 m centers) are anticipated. An array of light
meters should be deployed at each site to estimate max-
imum depth limits for transplants. Once a potential
planting site passes these screening criteria, test plant-
ings on the order of 100 m? beds should be installed and
monitored for at least two growing seasons. Monitoring
programs should continue assessment of light regimes,
annual fali assessments of root carbohydrate content,
and periodic checks of survival, propagation, and pro-
duction of new shoots. Our experiments and those of
Fonseca et al. (1994, 1996a4) and Hammerstrom et al.
(1998) indicate that, once final sites are delimited, trans-
planting should be conducted during spring months on
0.25 m or (.5 m centers, in relatively shallow water, by
the peat pot method, and including time-release fertil-
izer. Restored beds should then be fenced with rela-
tively small mesh screen (30 mm X 30 mm or smaller)
for 60-90 days. These techniques have proven to be
cost-etfective and should foster the rapid growth and
coalescence of seagrasses and thus long-term resistance
to physical and biotic disturbances in West Bay. These
experiments also indicate that monitoring of transplant
success should be planned, at least annually in the fall,
for three growing seasons.

Finally, we must point out that seagrass transplant-
ing has a history of mixed success, even under the best
of conditions (Lewis 1987). The goals of equal or greater
persistent acreage with faunal equivalency to natural
seagrass beds remain elusive after 50 years of experi-
mentation with a “proven” technology (Fonseca 1992).
The fact that restored beds at Snake Island Cove failed
should not overshadow an apparently persistent, albeit
sparse, new Halodule bed at Redfish Cove.
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